Treadmill fatigue test Treadmill running Cancer-related fatigue Radiation-induced fatigue Colon 26 carcinoma Muscle wasting Mouse fatigue model a b s t r a c t Fatigue affects most cancer patients and has numerous potential causes, including cancer itself and cancer treatment. Cancer-related fatigue (CRF) is not relieved by rest, can decrease quality of life, and has no FDA-approved therapy. Thyrotropin-releasing hormone (TRH) has been proposed as a potential novel treatment for CRF, but its efficacy against CRF remains largely untested. Thus, we tested the TRH analog, taltirelin (TAL), in mouse models of CRF. To model fatigue, we used a mouse model of chemotherapy, a mouse model of radiation therapy, and mice bearing colon 26 carcinoma tumors. We used the treadmill fatigue test to assess fatigue-like behavior after treatment with TAL. Additionally, we used wild-type and TRH receptor knockout mice to determine which TRH receptor was necessary for the actions of TAL. Tumor-bearing mice displayed muscle wasting and all models caused fatigue-like behavior, with mice running a shorter distance in the treadmill fatigue test than controls. TAL reversed fatigue-like behavior in all three models and the mouse TRH 1 receptor was necessary for the effects of TAL. These data suggest that TAL may be useful in alleviating fatigue in all cancer patients and provide further support for evaluating TAL as a potential therapy for CRF in humans.
Introduction
Cancer-related fatigue (CRF) is a significant problem. It is prevalent among cancer patients, is not relieved by rest, can significantly reduce quality of life, and may be caused by any combination of the cancer itself, or its treatments (for review, see Refs. [1, 2] ). Consequently, CRF can result in decreased patient compliance and overall worse clinical outcomes. To treat fatigue, non-pharmacological (e.g., physical exercise and cognitive behavioral therapy) and pharmacological interventions (e.g., methylphenidate [MPH] or Abbreviations: 5-FU, 5-fluorouracil; ANOVA, analysis of variance; C26, colon 26 carcinoma cells; CRF, cancer-related fatigue; MPH, methylphenidate; PBS, phosphate-buffered saline; TAL, taltirelin; TFT, treadmill fatigue test; TRH, thyrotropin-releasing hormone.modafinil) have been tested. Whereas non-pharmacological interventions may effectively alleviate CRF in many patients, the current drug treatment options may only be effective in specific subsets of patients [3] [4] [5] [6] . Indeed, a recent meta-analysis examining the efficacy of clinical trials of non-pharmacological and drug interventions for CRF found that, while the non-pharmacological interventions were often efficacious, drug treatments were not [7] . Non-pharmacological interventions, however, are not feasible or effective for all patients. Moreover, despite research efforts to understand its pathogenesis and develop more effective treatment options, CRF remains undertreated and poorly understood. Given the unmet need, new, effective CRF treatments are needed.
Thyrotropin-releasing hormone (TRH), a tripeptide neurohormone/neuromodulator, showed some promise as a potential novel treatment for CRF [8] . This study was limited, however, by its small sample size of eight participants and by its use of TRH, which degrades quickly in the blood [9] and has low oral bioavailability and poor blood-brain barrier penetration, thus requiring parenteral administration of large doses. In contrast, taltirelin (TAL), an analog of TRH, has greater stability than TRH in vivo [10] and a comparable in vitro efficacy [11] . Additionally, it is orally bioavailable and efficacious in rodents [12, 13] . As such, TAL provides a stronger candidate for exploring the potential for TRH receptor agonism as a treatment for CRF.
Only one human TRH receptor has been identified. The mouse has two subtypes, the TRH 1 and TRH 2 receptor. The mouse TRH 1 receptor is orthologous to the human TRH receptor and their amino acid sequences share 94.6% identity [14] . Moreover, the TRH 1 receptor serves the same endocrine role as the human TRH receptor (i.e., stimulating release of thyroid-stimulating hormone, or TSH) and is highly expressed in the anterior pituitary of the rat [15, 16] . The TRH 2 receptor, in contrast, only shares 56.8% amino acid sequence identity with the human TRH receptor [14] has no known endocrine role, and, in rats, is most highly expressed in the thalamus, brainstem, and spinal cord [15] . Given the subtype differences, it may be important to know which TRH receptor may mediate the effect(s) in the mouse before any observations from mice treated with TRH agonists can be definitively translated to other animals or humans.
Numerous mouse models have been developed and used to recapitulate and better understand CRF produced by various causes, including chemotherapy [17] [18] [19] , radiation [20] , and cancer and cancer cachexia [21] [22] [23] . Given the many causes of CRF and the possibility that the underlying mechanisms of CRF may vary depending on the cause, it is important to determine if TAL has anti-fatigue effects in multiple models of CRF. Thus, the current study used three mouse models of CRF. The first was a model of chemotherapyinduced fatigue, adapted from a published model [19] . The second was a mouse model of peripheral irradiation that causes fatiguelike behavior by mimicking the peripheral radiation exposure of radiation therapy [20] . The third was a well-established and widely-studied model of cancer cachexia [24] [25] [26] in which mice develop tumors that cause fatigue-like behavior [21] , muscle wasting, and weight loss [25, 27] . Once fatigue was induced, we tested if TAL alleviated fatigue-like behavior in these models. Additionally, we used TRH receptor knockout mice to determine whether the actions of TAL were specifically mediated by a TRH receptor and to identify the responsible receptor(s).
Materials and methods

Animals
Adult male or female C57BL/6NCr mice (7-8 weeks old at the start of experiments) and female Balb/cAnNCr mice (9 weeks old at the start of experiments) were obtained from Charles River Laboratories (Frederick, MD). Adult male and female wild-type (WT) and mice lacking the TRH 1 (R1KO), TRH 2 (R2KO), or both TRH 1 and TRH 2 (R1R2KO) receptor (10-11 weeks old at the start of experiments) were used for the indicated treadmill fatigue test (TFT) and serum hormone analysis. The TRH receptor knockout and WT mice were bred in our colony for these studies and have been previously characterized [11, 28, 29] . Female C57BL/6 mice were used for chemotherapy-induced fatigue experiments, which used 5-fluorouracil (5-FU) to induce fatigue, as this strain and sex was used to establish the TFT [30] and in other studies using 5-FU [19, 31] . Male C57BL/6 mice were used for the radiation-induced fatigue experiment as this strain and sex was used to establish this model [20] . Balb/c mice were used for the colon 26 carcinoma (C26) model as the cells used to produce tumors were originally derived from this strain [24] . Male C57BL/6 mice and the Balb/c mice were individually housed for the duration of the studies. Mice were kept on a 12 h:12 h light cycle (lights off at 6PM). Food and water were provided ad libitum. All experiments were performed with prior approval of the NIDDK or NHLBI Institutional Animal Care and Use Committees.
Drugs
TAL was purchased from Tocris (Minneapolis, MN) and Santa Cruz Biotechnology (Dallas, TX), MPH was generously provided by Dr. Jonathan Katz of the National Institute on Drug Abuse, 5-FU was purchased from Fresenius Kabi (Lake Zurich, IL), and TRH was purchased from Sigma-Aldrich (St. Louis, MO). Ketamine was purchased from Lloyd Laboratories (Shenandoah, IA) and xylazine was purchased from Putney (Portland, ME).
For i.p. injection or oral gavage administration, drugs were prepared for a volume of 6 or 10 L/g mouse body weight, respectively. Each day of treatment, 5-FU was diluted with PBS to the necessary concentration. MPH was prepared fresh daily in PBS. TAL was dissolved in PBS and aliquots were stored at −20 • C. TAL aliquots were thawed and brought to room temperature prior to injection. TRH was prepared, stored, and thawed in the same manner as TAL.
Drug treatment
To study alleviation of fatigue, we administered one of three interventions: TAL, MPH, or PBS. TAL was injected i.p. at 1 mg/kg based on previous studies [11, 32] . To adjust for lower oral bioavailability, a higher dose (10 mg/kg) was used to test the oral efficacy of TAL. MPH was injected i.p. at 6 mg/kg based upon pilot studies. In pilot studies testing intervention dosing regimens, we found b.i.d. dosing (between 9 and 11 AM and 3 and 5 PM) the day prior to the test, followed by a single dose 30 min prior to testing was effective. Thus, we used this regimen.
Treadmill fatigue test (TFT)
The TFT was performed per our published method [30] . An Exer-3/6 Treadmill (Columbus Instruments, Columbus, OH), set at a 10 • incline with the shock grid delivering 1.22 mA electric shocks at 2 Hz, was used for training and testing. The experimenter did not interact with mice until they met the criterion for fatigue-like behavior, defined as remaining in the designated fatigue zone of the treadmill for 5 consecutive seconds. The fatigue zone encompassed the rear of the treadmill belt and the shock grid. Once fatigued, mice were promptly removed and returned to their home cages. Distance run was the primary measure of performance.
For C57BL/6 mice, the TFT was performed as previously described [30] . Balb/c mice were physically larger and, in pilot studies, displayed greater facility for treadmill running than C57BL/6 mice, so we increased the size of the fatigue zone (fatigue zone for C57BL/6: 20 cm; Balb/c: 22 cm) and tested Balb/c mice using a modified treadmill testing speed protocol to achieve higher testing speeds faster (Table 1) .
Treadmill location
As a secondary measure of performance during the TFT, the location of each mouse was recorded at select times throughout each test. The treadmill was visually divided into three regions, the "top" (∼16 cm of the treadmill belt, furthest from the shock grid), "bottom" (∼20 or 22 cm [for C57BL/6 or Balb/c, respectively] in length, including the shock grid), and "middle" (∼20 or 18 cm [for C57BL /6 or Balb/c, respectively] between the top and bottom). The location of each mouse running was recorded every 60 s for min 1-15, every 5 min for min 20-40, and every 10 min from min 50 through the end of testing. A score of 1 was given for each location recording in the bottom region, 2 for the middle, and 3 for the top. Scores for each mouse in a given test were averaged and the average location scores for each treatment group were analyzed. Mice that ran for less than 1 min (thus failing to yield any location data) were excluded from location score analysis.
Chemotherapy-induced fatigue model
The timeline for chemotherapy-induced fatigue experiments is presented in Fig. 1A . In short, female C57BL/6 mice were trained as previously described [30] . Mice were given PBS or 5-FU (i.p.) at a dose of 80 mg/kg on Day 7 and 60 mg/kg on Day 14. On the day before testing, mice received PBS or 1 mg/kg TAL (b.i.d., i.p.). Mice were given a single i.p. injection of PBS or 1 mg/kg TAL 30 min prior to the TFT.
Radiation-induced fatigue model
The timeline for radiation-induced fatigue experiments is presented in Fig. 1B . In short, male C57BL/6 mice were trained on the treadmill as described previously [30] . On Days 8-10, mice were exposed to 800 cGy of ␥ irradiation daily (RAD) or underwent a sham procedure, as previously described [20, 33] . On the day before testing, mice received PBS or 1 mg/kg TAL (b.i.d., i.p.). Mice were given a single i.p. injection of PBS or 1 mg/kg TAL 30 min prior to the TFT. Two mice died during the course of irradiation and were excluded from all analyses. To determine if the sham procedure affected TFT performance or response to TAL, we included and analyzed a Sham + TAL group. One mouse in the RAD + PBS group produced no treadmill location data because it ran for less than 1 min (the first time point when location is recorded). This mouse was therefore excluded from our analysis of treadmill location.
Cell preparation
Mouse C26 colon carcinoma cells were obtained from the Division of Cancer Treatment and Diagnosis Tumor Repository at the National Cancer Institute. Cells were cultured in RPMI 1640 containing 10% FBS and 1% penicillin/streptomycin (5% CO 2 ). Upon the third passage, aliquots of C26 cells were frozen in liquid nitrogen. Cells were thawed 5 days prior to injection and grown as monolayer cultures to ≥50% confluence. To prepare cells for injection, cells were harvested with trypsin for 5 min (25 • C, 5% CO 2 ) before adding media to inactivate the trypsin. An aliquot of the cell suspension was counted using a Vi-Cell XR (Beckman Coulter, Indianapolis, IN). The remaining suspension was centrifuged at 125xG for 5 min, the supernatant removed, and cells resuspended in PBS at a concentration of 5 × 10 5 cells per 200 L.
Tumor-bearing mouse fatigue model
The timeline for experiments using tumor-bearing mice is presented in Fig. 1C . Female Balb/c mice were injected, under isoflurane anesthesia, s.c. between the scapulae with 200 L of either PBS or 5 × 10 5 C26 cells suspended in PBS. Mice were trained on the treadmill before the development of visible tumors. On the day before testing, mice received PBS or 1 mg/kg TAL (b.i.d., i.p.). Mice were given a single i.p. injection of PBS or 1 mg/kg TAL 30 min prior to the TFT. Mice were euthanized the day after testing. Carcasses were weighed and tumors were dissected and weighed. To probe for cachexia, which may reduce a mouse's ability to run, the left gastrocnemius muscle was dissected from each carcass and weighed. As the effects of TAL in tumor-free Balb/c mice was not of interest in this study, we did not include a PBS + TAL group.
As C26 tumor size affects fatigue [34] , mice with small or no tumors on Day 31 (<2% of body weight) were excluded from all analyses. The distance run by one mouse in the C26 + PBS group was a significant outlier (distance: 1912 m, Grubbs' test, P < 0.05); data from this mouse was excluded from all analyses.
Serum TSH analysis
To compare the ability of TAL and TRH to stimulate TSH secretion, mice were administered (i.p. or orally by gavage) PBS, TAL (1 mg/kg), or TRH (0.2 mg/kg). Blood was collected 30 min after i.p. administration or 1 and 4 h after oral administration. Male and female WT and KO mice were used to examine the effects following i.p. treatment, but only WT mice were used to verify that a similar effect was observed after oral treatment. To collect blood at the 1 h time point, mice were anesthetized via isoflurane inhalation and blood was collected via retroorbital bleed. For the final blood collection (30 min or 4 h), mice were injected i.p. with ketamine/xylazine Location of mice on the treadmill during testing ("1" is the bottom portion of the treadmill; "3" is the top, furthest from the shock grid). Data represent the mean+SEM of 14-15 or 12-15 mice per group for panels A and B, respectively. TAL, taltirelin; 5-FU, 5-fluorouracil; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, t-test with Holm-Bonferroni correction.
(10%/1%, v/v) to induce deep anesthesia and blood was collected via terminal retroorbital bleed. Blood samples were collected in BD Microtainer serum separator tubes (BD, Franklin Lakes, NJ). Tubes were centrifuged at 14,000 RPM for 15 min and serum was removed and stored at −80 • C for later analysis. Serum TSH was measured using the Milliplex MAP Kit Mouse Pituitary Magnetic Bead Panel (EMD Millipore, Billerica, MA) per the manufacturer's directions.
Statistical analysis
ANOVA testing was performed using GraphPad Prism (version 7.02, GraphPad Software, La Jolla, CA). Post-hoc analyses were performed using Excel 2016 (Microsoft, Redmond, WA). For all experiments where a significant main effect of treatment was observed via ANOVA, specific post-hoc comparisons were made using two-tailed t-tests, with a Holm-Bonferroni correction for multiple comparisons. Table 2. radiation-induced fatigue experiments, four post-hoc comparisons were made: Sham + PBS vs Sham + TAL, RAD + PBS vs RAD + TAL, Sham + PBS vs RAD + PBS, and Sham + TAL vs RAD + TAL. For tumorbearing mouse experiments, three post-hoc comparisons were made: PBS + PBS vs C26 + PBS, PBS + PBS vs C26 + TAL, and C26 + PBS vs C26 + TAL. For the experiment in which mice were treated and tested weekly, two post-hoc comparisons were made: PBS vs TAL and PBS vs MPH. For the experiment using male and female WT and KO mice, sex was tested as a covariate in one-way ANOVAs; when sex was not a significant covariate, data from males and females were pooled for analysis. Data are presented as mean and SEM is used to show variance.
Results
TAL reversed chemotherapy-induced fatigue-like behavior
We used our recently reported TFT to assess fatigue-like behavior in mice [30] . In the TFT, the primary measure is the distance run by mice before meeting the criterion for fatigue-like behavior. The treatment regimen for inducing chemotherapy-induced fatigue and administering TAL is illustrated in Fig. 1A . Treatment with 5-FU decreased the distance run in the TFT compared to controls ( Fig. 2A ; ANOVA, main effect of treatment: F (3,55) = 23.92, Table 2 Distance run, location, and task compliance of mice during weekly treadmill fatigue tests. Data for the PBS group in this table were previously published and reproduced with permission from Ref. [30] . *P < 0.05, **P < 0.01, ***P < 0.001 compared to PBS, post-hoc t-tests with a Holm-Bonferroni correction. P < 0.0001). TAL reversed this fatigue-like effect. Additionally, TAL caused mice to run nearer to the top of the treadmill during the test, as shown by average treadmill location ( Fig. 2B ; ANOVA, main effect of treatment: F (3,51) = 9.458, P < 0.0001).
TAL effects were mediated by the TRH 1 receptor
WT and R1KO mice were given 5-FU and TAL or PBS in the same manner as the C57BL/6 mice in the above experiment, then underwent the TFT. TAL increased the distance run by WT, but not R1KO mice ( Fig. 3 ; ANOVA, main effect of treatment, sexes pooled: F (7,119) = 8.031, P < 0.0001). Additionally, we confirmed that the pituitary response (i.e., TRH-or TAL-induced TSH secretion) was present in WT and R2KO, but not R1KO or R1R2KO, mice (data not shown). Thus, like stimulation of TSH secretion, the effects of TAL in the TFT were mediated by the TRH 1 receptor.
TAL, but not MPH, reduced fatigue-like behavior when given repeatedly and is orally effective
To determine if either intervention was effective when given repeatedly, female C57BL/6 mice were treated with TAL or MPH and underwent the TFT weekly (see Fig. 4 for timeline). TAL increased the distance run in the TFT at every time point (Table 2) . MPH had no effect on distance run at all time points. TAL also increased the average treadmill running location score, indicating that TAL-treated mice consistently ran near the top of the treadmill, whereas PBStreated control mice ran near the middle of the treadmill belt and MPH-treated mice ran near the middle or top (Table 2) . Additionally, in all tests, more PBS-or MPH-treated mice were unwilling to run longer than six min (i.e., "non-runners") than TAL-treated mice. TAL was also effective orally in the TFT (n = 12/group; PBS: (C) Location of mice on the treadmill during testing ("1" is the bottom portion of the treadmill; "3" is the top, furthest from the shock grid). Data represent the mean + SEM of 12 mice for Sham + PBS and Sham + TAL groups, 11 mice for the RAD + TAL group, or 10-11 mice for the RAD + PBS group. TAL, taltirelin; RAD, peripheral irradiation; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, t-test with Holm-Bonferroni correction. Location of mice on the treadmill during testing ("1" is the bottom portion of the treadmill; "3" is the top, furthest from the shock grid). Data represent the mean + SEM of 25, 20, and 17 mice in the PBS + PBS, C26 + PBS, and C26 + TAL groups, respectively. TAL, taltirelin; C26, colon 26 carcinoma; *P < 0.05, **P < 0.01, ****P < 0.0001, t-test with Holm-Bonferroni correction.
64.2 ± 17.8; TAL [10 mg/kg]: 239 ± 32.5; two-tailed Student's t-test, P = 0.0001).
TAL reversed radiation-induced fatigue-like behavior
Peripheral irradiation caused a significant decrease in body weight by the end of the study ( Fig. 5A ; ANOVA, main effect of treatment: F (3,42) = 12.79, P < 0.0001), likely due to decreased food consumption. As expected, irradiation caused fatigue-like behavior. TAL treatment increased the distance run by both sham and irradiated mice; that is, it reversed the fatigue-like effect of irradiation ( Fig. 5B ; ANOVA, main effect of treatment: F (3,42) = 17.85, P < 0.0001). The average location of mice on the treadmill was not changed by irradiation. TAL caused sham-treated and irradiated mice to run nearer to the top of the treadmill than PBS-treated counterparts ( Fig. 5C ; ANOVA, main effect of treatment: F (3,41) = 5.896, P = 0.0019; t-tests with Holm-Bonferroni correction: Sham + PBS vs Sham + TAL, P = 0.048; RAD + PBS vs RAD + TAL, P = 0.06).
TAL reversed fatigue-like behavior in tumor-bearing mice
We used mouse colon 26 carcinoma cells (C26) to produce tumors in mice. Tumor burden was variable between mice, but similar overall between C26 tumor-bearing mice given PBS (C26 + PBS) and C26 tumor-bearing mice administered TAL (C26 + TAL) (PBS: 4.76 ± 0.51; TAL: 4.42 ± 0.50% body weight). Tumor-bearing mice did not display a significant change in body weight by the end of the study, although there was a slight trend toward decreased body weight in both tumor-bearing groups (Fig. 6A) . Analysis of the gastrocnemius muscle, however, revealed significant muscle wasting ( Fig. 6B ; ANOVA, main effect of treatment: F (2,59) = 14.77, P < 0.0001). As expected, the C26 + PBS group displayed fatigue-like behavior. TAL reversed this fatigue-like behavior ( Fig. 6C ; ANOVA, main effect of treatment: F (2,59) = 6.128, P = 0.0038). The average location of mice on the treadmill displayed a trend toward decreasing in tumor-bearing mice compared to controls, and TAL also reversed this effect ( Fig. 6D ; ANOVA, main effect of treatment: F (2,59) = 6.727, P = 0.0023).
Discussion
The current study demonstrated that fatigue-like behavior in mice, whether caused by chemotherapy, peripheral irradiation, or tumor burden/muscle wasting, was alleviated by TAL, a TRH analog. Additionally, we found that TAL displayed anti-fatigue effects when given orally and when administered repeatedly, and verified that it acted through the TRH 1 receptor. Moreover, we observed no adverse effects of TAL, even in mice treated for 4 weeks. Taken together, these data provide strong preclinical support for further investigation of TAL as a potential anti-CRF drug by demonstrating its therapeutic potential to alleviate fatigue from different causes.
Interestingly, TAL typically improved treadmill running location scores in the TFT. As noted in published treadmill testing protocols, mice typically run near the top of the treadmill when they are capable of running faster and, conversely, near the shock grid when unable or unwilling to run faster [30, 35] . Thus, the observation that TAL-treated mice ran near the top of the treadmill, while controls ran near the middle, supports the conclusion that TAL reduced fatigue.
We found that the TRH 1 receptor is necessary for the anti-fatigue effects of TAL. This is important as it confirms that the effects on fatigue are mediated specifically by a TRH receptor and are not caused by off-target effects. This is consistent with our prior study using TRH receptor knockout mice, which showed that other effects of TAL, which are also most likely mediated by receptors in the central nervous system, require the TRH 1 , but not TRH 2 , receptor [11] . Although studies have examined the effects of TRH analogs with greater or lesser in vitro potencies for the TRH 1 or TRH 2 receptor [36, 37] , to our knowledge, the current study and Thirunarayanan et al. [11] are the only to employ TRH receptor knockout mice to determine which TRH receptor mediates a given response to TRH. Thus, we conclude that the TRH 1 receptor is the primary mediator of the anti-fatigue effects of TRH receptor agonists. Future studies evaluating the anti-fatigue effects of additional TRH analogs using TRH receptor knockout mice may provide additional validation for this hypothesis.
TRH receptor agonists appear to have antidepressant-like effects in rodents [11, 38] and may have antidepressant effects in humans [39] . As depression may accompany fatigue in cancer patients [40, 41] and a previous study reports that a mouse model of chronic social stress-induced depression increases fatigue-like behavior in their treadmill testing protocol [42] , a drug like TAL may be a particularly desirable therapy, potentially alleviating both depression and fatigue. Moreover, repeated TAL administration consistently reduced fatigue-like behavior in healthy mice and previous studies found no behavioral tolerance for its other effects (e.g., increasing motor activity in rats [43] or reducing ataxia in mice [44] ). As such, we anticipate that, if initially effective, TAL would remain efficacious with prolonged treatment in humans. This is particularly important, as CRF can occur at various times throughout and for extended periods after completing chemotherapy or radiation therapy [45] .
One limitation of this study is that our experiment using WT and KO mice appeared to show a "floor" effect, that is, control mice only run a short distance. The background strain of these mice, 129S1, has shown low compliance and poor performance in other behavioral tasks [46] and in pilot studies in our lab. Thus, it was not surprising to find that these mice ran too short of a distance to detect a decrease induced by 5-FU treatment. Although this prevents us from concluding that TAL affected chemotherapy-induced fatigue-like behavior in R1KO mice, the results nonetheless demonstrate that the observed TAL effects require the TRH 1 receptor. Future testing using WT and R1KO mice on a genetic background better suited for behavioral testing (e.g., C57BL/6) may provide further validation for our conclusion.
Peripheral irradiation of mice causes a decrease in voluntary wheel running [20, 33] and, in this study, showed a similar fatiguelike effect in the TFT. This provides further validation that this mouse model induces fatigue and establishes a foundation for future studies to use either or both assays to measure fatigue-like behavior in mice. Importantly, these findings support the use of this model to delineate the changes irradiation induces to cause fatigue, allowing relevant biomarkers to be identified and novel targets for treating or preventing radiation-induced fatigue to be discovered.
The effects of TAL in our cancer model are noteworthy. TAL reversed fatigue-like behavior in our study, but did not reduce muscle wasting. The gastrocnemius muscle, important for running and likely to affect running in the TFT, showed a similar decrease in mass as in previous studies using this model, which typically showed a 10-20% decrease [21, 47, 48] . In contrast, ibuprofen, an anti-inflammatory drug that may help alleviate cachexia in clinical populations [49] , significantly reduces cachexia and improves grip strength in tumor-bearing mice [21, 47] without affecting fatiguelike behavior (as assessed via voluntary wheel running) [21] . These findings, taken together, suggest that fatigue-like behavior and inflammation/cachexia are independent processes. C26 cells differ in growth rate and cytokine production depending on the number of passages and storage conditions [50] . It should therefore be noted that we used C26 cells that had been passaged four times prior to injection and stored in liquid nitrogen prior to use. The later passage may account for differences from previous studies, which used C26 cells at a lower passage and reported the appearance of tumors sooner than we typically observed in our mice, and, consequently, required euthanasia of mice by Day 21 after injection [21, 27, 47] . In contrast, our mice did not bear excessively large tumors (≥10% of body weight) until at least 31 days post-injection and did not exhibit significant weight loss. However, as our mice showed similar fatigue-like behavior and similar muscle wasting as reported in the literature, any differences due to the number of passages do not appear to have fundamentally changed the findings of this study.
Conclusions
We found that fatigue-like behavior-whether induced by chemotherapy treatment, tumor burden, or irradiation-was consistently alleviated by TAL. A major strength of this study is that these effects have been shown across multiple mouse strains and both sexes, using female Balb/c, female/male C57BL/6 mice, and female/male knockout mice on a 129S1 background, and are likely to be generalizable to other strains. In the future, we plan to evaluate TAL as a potential therapy for other preclinical fatigue models, and, ultimately, to determine whether these anti-fatigue effects translate to clinical populations. 
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